The mapping of amino acid sequences is an essential task in bioinformatics. Notably, the mapping of peptide sequences on a proteome is required for the post-processing of proteomics results. However, this step can quickly become a bottleneck when working with extensive numbers of peptides or large protein sequence databases. Here, we present PeptideMapper, a novel amino acid sequence mapper for both peptide sequences and de novo sequencing identification results. By taking advantage of the latest advances in pattern matching, PeptideMapper achieves unprecedented performance (i.e. up to 1000Â faster than state-of-the-art software) in terms of memory footprint and execution speed, with regards to both the indexing and the querying of protein sequence databases. Availability and Implementation: PeptideMapper is implemented in the open source Java CompOmics framework under the permissive Apache 2.0 license https:/
Introduction
High throughput proteomics sample characterization techniques have provided researchers with vast amounts of identification results. These often need to be remapped to a reference proteome, e.g. after an update of the protein sequences, enrichment with sequence variants, or simply to avoid biases in protein inference algorithms. However, the mapping of peptides to proteins can often become a bottleneck in pipelines dealing with large datasets and/or databases, e.g. in fields such as metagenomics and proteogenomics. Several indexing approaches have been created to map peptides against a reference proteome in sublinear time, e.g. using the q-gram index (Chen et al., 2013) , but since many indexes require a contiguous sequence of at least six amino acids (i.e. 6-gram), the mapping of shorter amino acid sequences is not possible. Here, we propose a new approach for indexing and querying proteomes, called PeptideMapper. PeptideMapper is based on the FM-Index (Ferragina and Manzini, 2000) , a modern, flexible and compact index already employed in genetic sequencing mapping DNA reads against the genome (Langmead et al., 2009; Li and Durbin, 2009) . While it allows the mapping of amino acid sequences of any length to protein sequences at an unprecedented speed, we also implemented the possibility to map sequence tags. Sequence tags are amino acid sequences presenting mass gaps, unresolved series of amino acids (Mann and Wilm, 1994) . Notably, our implementation accounts for (i) indistinguishable 
Materials and methods
PeptideMapper is implemented in Java as part of the open source CompOmics framework (Barsnes et al., 2011) . The details of the implementation and the benchmarking can be found in Supplementary Information. Briefly, an index of all provided protein sequences (i.e. provided as FASTA files) is created, and this index can then be quickly queried for amino acid sequences or tags, retrieving a list of the mapped peptides together with their location in the corresponding protein sequences. The index is created as follows: (i) compute the suffix array (SA) (Manber and Myers, 1990 ) of the complete proteome, (ii) compute its Burrows and Wheeler (1994) transform (BWT) and (iii) store the BWT in a wavelet tree (WT) (Grossi et al., 2003) . Note that we sample the SA and derive the missing entries by using the last-to-front (LF)-mapping function on the BWT (Ferragina and Manzini, 2000) . To query the index, our approach utilizes the backward search, finding all occurrences of a pattern in a text in OðpÞ, where p is the size of the pattern. The query function was further extended to manage amino acids of indistinguishable mass, amino acid combinations, as well as variants. Finally, the mapping of sequence tags was implemented, including PTMs. The performance of PeptideMapper was evaluated on a standard desktop computer using the databases listed in Table 1 , including a proteogenomics (Crappé et al., 2014; Menschaert et al., 2013) and metaproteomics (Tanca et al., 2013) database.
Results
PeptideMapper is easily implementable in both server and desktop applications, either via command line or as external library. As a proofof-principle, PeptideMapper has been integrated in the user friendly PeptideShaker (Vaudel et al., 2015) and DeNovoGUI (Muth et al., 2014) tools, for processing proteomics search engine and de novo identification results, respectively. As shown in Figure 1A , the memory footprint of PeptideMapper is around 32 MB for the canonical yeast, mouse and human proteomic databases. It remains below 250 MB for the large proteogenomics and metaproteomics databases, and below 521 MB for the concatenation of all UniProt proteomes, enabling in memory storage even in such extreme cases. Allied to very efficient querying methods, this makes short query times affordable on most setups, see Figure 1B . Both the indexing speed and the index size evolve linearly with the database size, however, as demonstrated in Figure 1C , query times also increase linearly depending on dataset size and the prevalence of ambiguous amino acids such as 'X' that can represent any amino acid. Sequence tags can be inferred by de novo sequencing tools and can be mapped to proteomes using sequence alignment tools (Vaudel et al., 2012) . However, this approach does not take the precursor mass and possible PTMs into account. An alternative was proposed with TagRecon (Dasari et al., 2010) , but TagRecon only supports a single tag structure (Mass-Sequence-Mass), a limited set of PTMs, and its performance is heavily dependent on cleavage restrictions. For details on the benchmark comparison, please consider the Supplementary Material and the PeptideMapper web site. In contrast, PeptideMapper supports virtually any sequence tag, any set of PTMs, and, as demonstrated in Figure 1C , it can quickly map large datasets onto a proteome without any cleavage restriction. Yet, it can be anticipated that the query time will increase depending on the complexity of the query, e.g. due to the inclusion of numerous variable modifications and variants.
Conclusion
PeptideMapper is a very efficient and versatile approach for indexing entire proteomes, and is particularly well-suited for challenging experimental setups involving large databases. It has the potential to overcome several bottlenecks in proteomic data analysis workflows and is especially equipped for the handling of de novo sequencing results. PeptideMapper is however not limited to proteomics, and we invite the community to broaden its application.
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